The kidneys of chicks treated with uranyl nitrate were examined by electron microscopy. Most deposits of electron-dense material containing uranium were found in the lumina of distal tubules and collecting ducts of kidneys collected 12-24 hours post-treatment. Some deposits were present in extracellular spaces between adjacent cells. Only occasionally were deposits found intracellularly where they were associated with localized cellular degeneration. A generalized cellular degeneration over the whole kidney was seen 72-96 hours post-treatment, but this was not directly associated with the deposits of electron-dense material.
Uranyl compounds, and particularly uranyl nitrate, have long been recognized as nephrotoxins'o and have been used extensively for nephrotoxic modeling in mamma1s.2,6-8,IO3l6, I8 Uranyl nitrate was recently evaluated as a nephrotoxic agent for impairing renal function in growing chick^.^ However, very little has been done to evaluate the ultrastructure of uranium-induced nephrotoxicity in fowl.
For microanalyses, a series of samples were prepared as described above but without the osmium tetroxide fixation.
For ultrastructure studies, sections were viewed with a Philips EM 300 electron microscope. X-ray microanalyses were performed using a Philips EM 420 electron microscope fitted with a Tracor-Northern ED X-ray analyser.
Thick sections for light microscopy were cut from the epoxyembedded tissues to a thickness of approximately o.8 ~m . These sections were stained with the "Multiple Stain Solution for Frozen Sections" (Polysciences, Inc., Wamngton, PA).
Materials and Methods
Chicks were treated and sampled as described previou~ly.~ Briefly, 60 Leghorn chicks, 3 weeks of age, were randomly selected and assigned to treatments of 30 chicks each. Treatments consisted of (1) untreated controls and (2) 250 mg uranyl nitrate/kg body weight. Uranyl nitrate, 6-hydrate (Fisher Scientific Products, Houston, TX) was dissolved in physiological saline at 100 mg/ml. Calculations for concentration (wt/v) were based on uranyl nitrate content less the hydrated portion of the compound. Dosages were administered subcutaneously at the base of the neck via a 22 ga needle and tuberculin syringe. Volume of injections did not exceed 1.0 ml. At 0, 12,24,48,72, and 96 hours post-injection, five chicks per treatment were killed by cervical dislocation, and kidney tissues were immediately removed and fixed for electron microscopy.
For electron microscopy, samples of kidney were minced in a drop of fixative containing 2% glutaraldehyde, 0.05 M PIPES buffer at pH 7.3, and 0.05 M sucrose. Fixation was at room temperature for approximately 90 minutes after which the tissues were transferred directly to a second fixative containing 1% osmium tetroxide, 0.1 M PIPES buffer at pH 7.3, and 0.1 M sucrose. The osmium tetroxide fixative was at 4 C and fixation was approximately 90 minutes. After fixation, tissues were rinsed briefly in deionized water, dehydrated in an ethanol and acetone series, and embedded in epoxy resin.
Results
Anatomical Change. There was much variability in the extent of subcellular change, both within treatment groups and between tissue samples of the same group. The most obvious response to uranyl nitrate was deposits of extraneous material in the lumina of distal tubules and collecting ducts (Figs. 1, 2). Deposits were also present in the intercellular spaces between adjacent cells ( Figs. 1, 3, 4) . However, only about onefourth of tissues sampled contained deposits which were most prevalent in the 12 and 24 hours treatment groups. In thick sections, stained with Multiple Stain Solution and examined by light microscopy, deposits appeared yellow to red in color.
Regions of cellular necrosis (CN) were occasionally present where material was deposited in mitochondria and on other membrane surfaces (Figs. 3, 5). These regions of cellular necrosis were usually confined to single cells. In addition, dense deposits were sometimes seen in structures presumed to be lysosomes (Fig. 6) .
In addition to deposits of extraneous material and localized regions of cellular necrosis, there was also a generalized change in cellular and subcellular archi- distal tubules (also see Figs. 10, 11 and compare with Figs. 3, 4) .
tecture which occurred most often toward the end of the treatment period. These changes could not be correlated with the presence or absence of deposits and, moreover, were present in proximal as well as distal tubules and collecting ducts (Figs. 7, 9; compare Figs. 7,s). Affected cells exhibited a diffuse pattern of change including general disorganization, minor changes in mitochondria1 size and shape, disruption of endoplasmic reticulum, slight increases in the number and size of lipid droplets, and some loss of microvilli ( Fig. 9 ). However, there was much diversity between animals. No unique subcellular changes were recognized.
Deposits. Several distinct forms of deposited material were identified. One was spherical and appeared to be composed of radially-oriented layers of thin, flattened crystals (Figs. 2, 10 ). Another consisted of aggregates of amorphous material often covered with a layer of crystalline material ( Fig. 11 ). Occasionally, mixtures of amorphous and crystalline material were also present, particularly in the lumina of the collecting ducts.
Distal tubules either contained the coarser and less organized crystalline form (Figs. 1, 3, 4) or a more closely packed form similar to that illustrated on the left side of Fig. 5 . Microanalyses confirmed the presence of uranium in all forms of extraneous material (Fig. 12 ). In addition, analyses sometimes indicated minor concentra-tions of other metals, most often iron and zinc. Minor elements were associated with amorphous and semiamorphous deposits of extraneous material, and no elements other than uranium were detected in the crystalline deposit. However, the concentration of minor elements, and even their presence, was highly variable between the noncrystalline deposits and between treatment groups.
Discussion
Soluable uranium compounds such as uranyl nitrate have been known as potent nephrotoxic agents for many years. l5 When injected into animals, uranium remains in solution in blood as a filterable complex with bicarbonate and serum albumen. l5 Though most uranium is rapidly cleared from the blood, some of it complexes with the phosphate groups in bone and some accumulates in the ludney."J* In mammals, kidney is the only soft tissue in which appreciable concentrations of uranium have been found. I A wide variety of toxic effects in kidney have been noted in regard to uranium toxicity. The site of toxic action, as determined from changes in cellular organization, has been reported to be proximal t~b u l e ,~. Fig. 7) . Fig. 9 . Electron micrograph from same tissue illustrated in Fig. 7 . Part of proximal tubule with general cellular disorganization. terial was amorphous. normalities in glomerular epithelial cells, and general cellular nec~osis.~ These changes often occurred rapidly in periods of only a few hours.x,12 Physiological changes included altered glomerular f i l t r a t i~n ,~.~~, '~J~ reduction in the clearance rate of i n~l i n ,~,~~ increases in blood urea nitrogen,18 pr~teinuria,~ and enzymatic change^.^ A variety of structural aberrations were noted also, but none were unique nor could they be directly related to the presence of uranium-containing deposits. In many instances, large deposits of extraneous material were present in tubules and cells of relatively normal ENERGY keV Fig. 12 . X-ray microanalysis of dense deposit similar to that illustrated in Fig. 10 . Uranium (U) is only significant component of the deposit. Peaks of copper (Cu), phosphorous (P), calcium (Ca) and iron (FFi) are normally present from the tissue and the supporting copper grid. appearance. Conversely, visible uranium-containing deposits were seldom present in the most necrotic tubules. Moreover, the extent of cellular damage was highly inconsistent from animal to animal, ranging from no apparent cellular abnormality to a generalized cellular disorganization of proximal and distal tubules and collecting ducts. Identification of the more necrotic tubules was often difficult because of the extent and generalized nature of the aberrations. However, extensive loss of brush border and vacuolization noted in other studies was not identified in this study. Similarly, no localized or meaningful aberrations were identified in glomeruli.
The form of extraneous material and its localization in distal tubules and collecting ducts suggest an etiology similar to renal calculi in mammals. In most mammals, calculi show a distribution pattern in kidney similar to the deposits of extraneous material found in this study. Though the exact etiology of renal calculi is still questionable, l 7 several conditions are conducive to their formation; e.g., an imbalance in the constituents of the luminal fluids, a change of pH, and the formation of nucleation sites for the initiation and maintenance of calculi growth.14 In chickens, urates might act as the primary nucleation sites for deposition of other substances such as the uranium used in this study.I4 Uric acid is the chief end product of nitrogenous metabolism in birds,19 and deposition of urate is known to occur when birds are subjected to stress. I 7 Moreover, calculi composed of monosodium urate or (occasionally) calcium urate, are fairly widespread in the ureters of caged laying fl0cks.I' On necropsy, birds that have died from this form of urolithiasis show extensive kid-ney damage and visceral deposits of ~r a t e .~J~ In nonterminal cases, or in instances where renal damage is less severe, the earliest changes appear to be dilation of collecting ducts and distal convoluted tub~1es.l~ Our observations are consistent with these structural responses. However, urates, if originally present, could not have been identified in our study since most, or all, of them would have been lost with the preparative procedures used.
Microanalyses were positive in identifying uranium in all deposits of extraneous material, therefore further establishing that the kidney of chickens, like that of mammals, is a site of uranium storage. Though a number of metallic compounds were present in the feed including copper, selenium, manganese, iron, zinc and arsenic, only iron and zinc were identified as constituents of the extraneous material. The reasons for this selection are unknown but suggest a physiological mechanism capable of differentiating between metals or between some characteristic of the metallic compounds.
